Nuclear transcription factor Stat3 is important for proper regulation of hematopoietic stem cell (HSC) and hematopoietic progenitor cell (HPC) proliferation, survival, and cytokine signaling responses. A new, noncanonical role for Stat3 in mitochondrial function has been discovered recently. However, there is little information on the role(s) of mitochondrial Stat3 in HSC/HPC function, especially potential effects of Stat3/ mitochondrial dysregulation in human diseases. We investigated hematopoietic cell-targeted deletion of the STAT3 gene in HSCs/HPCs with a focus on mitochondrial function. We found that STAT3 ؊/؊ mice, which have a very shortened lifespan, dysfunctional/dysregulated mitochondrial function and excessive reactive oxygen species production in HSCs/ HPCs that coincides with pronounced defects in function. These animals have a blood phenotype with similarities to premature aging and to human diseases of myelodysplastic syndrome and myeloproliferative neoplasms such as erythroid dysplasia, anemia, excessive myeloproliferation, and lymphomyeloid ratio shifts. We show herein that the lifespan of STAT3 ؊/؊ animals is lengthened by treatment with a reactive oxygen species scavenger, which lessened the severity of the blood phenotype. These data suggest a need for more detailed studies of role(s) of Stat3 in HSC/HPC mitochondrial function in human diseases and raise the idea that mitochondrial Stat3 could be used as a potential therapeutic target. (Blood. 2012;120(13):2589-2599)
Introduction
Stat3 has been implicated in normal cell function and in human cancers and proliferative disorders. 1 It is required for self-renewal in mouse embryonic stem cells and induced-pluripotent stem cell lines. 2 We were interested in the role of Stat3 in hematopoietic stem cell (HSC) and hematopoietic progenitor cell (HPC) functions. Some information on Stat3 and HSCs exists, 3 but mechanistic studies of Stat3 in human cells and mouse models, which were usually not in hematopoietic cells, have investigated activation of Stat3 almost solely in terms of tyrosine phosphorylation, dimerization, nuclear translocation, and transcription factor activity on specific gene targets. 1 Recently, a new noncanonical role for Stat3 has been discovered in mitochondria. 1 Stat3 augments mitochondrial oxidative phosphorylation 4 and supports transformation by oncogenic Ras. 5 Stat3 binds to and influences enzymatic activities of several subunit complexes of the mitochondrial electrontransport chain (ETC). 6 The exact role of Stat3 in mitochondrial function and regulation is unknown, but new information indicates that there is a low Stat3-to-ETC complex ratio, suggesting that direct binding of Stat3 to mitochondrial complexes may only have a minimal effect on the overall function of Stat3 in mitochondria. 7 Therefore, Stat3 may have a more global effect on mitochondrial metabolism in HSCs and HPCs other than direct ETC complex regulation.
Reactive oxygen species (ROS) can activate the JAK/STAT pathway. 8 JAKs are nonreceptor tyrosine kinases that mediate signal transduction pathways regulating cell growth and survival. 9 Recent studies have demonstrated dysregulated JAK/STAT signaling pathways to be a common link between at least 3 kinds of human Philadelphia chromosome-negative myeloproliferative neoplasms (MPNs), 10 and to be implicated in chronic lymphocytic leukemia (CLL). 11 Hematopoietic growth-factor signaling employs ROS as an important component, 12 and mitochondrial metabolism and ROS generation regulates the lifespan of HSCs through a p38MAPK pathway, 13 the same pathway that phosphorylates Stat3 on serine and that is essential for Ras-mediated tumorigenicity. 5 We reported previously that SCF induces serine phosphorylation of Stat3 in hematopoietic cells. 14 The BCR/ABL tyrosine kinase also induces ROS in hematopoietic cells during their oncogenic transformation. 15 To understand potential Stat3/mitochondria/ROS and HSC/ HPC interplay in hematopoiesis, in the present study, we investigated HSC and HPC function and mitochondrial activities in a mouse model of hematopoietic tissue-targeted deletion of STAT3 (STAT3 Ϫ/Ϫ ). 16 We found that Stat3 deletion in mouse hematopoietic cells results in a significant reduction in phenotypically defined long-term marrow repopulating HSCs (LT-HSCs) and of serially repopulating functional HSCs. Conversely, more differentiated, phenotypically defined HPCs are increased in BM, but these HPCs are decreased in functional proliferative response and manifest loss of multicytokine synergistically stimulated proliferation in vitro. ROS levels were elevated in phenotyped HSCs and HPCs, potentially as a result of the loss of Stat3's role in mitochondrial function in these cells, which causes an apparent differentiationstimulating influence on HSCs/HPCs (which ROS are known to For the secondary transplantations, 10 6 cells from each primary group were injected into 5 lethally irradiated secondary female recipients. *P Ͻ .05; **P Ͻ .01; ***P Ͻ .001.
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MANTEL et al BLOOD, 27 SEPTEMBER 2012 ⅐ VOLUME 120, NUMBER 13 For personal use only. on April 7, 2017 . by guest www.bloodjournal.org From do), 15 and this results in pronounced myeloproliferative dysfunction and erythroid dysplasia in these animals. These manifested effects show some similarities to human MPNs. Treatment of these STAT3 Ϫ/Ϫ animals with n-acetyl-cysteine (NAC), a ROS scavenger, extends their lifespan and lessened their MPN-like symptoms.
Methods

Animals
Stat3 Ϫ/Ϫ and wild-type (WT) littermate control mice on a C57Bl/6 strain background were as described previously. 16 Mouse BM cells were obtained and HSC and HPC function assessed as described previously. 1718 The Indiana University Committee on Use and Care of Animals approved the mouse studies.
HPC assay
Mouse BM cells were usually plated at 5 ϫ 10 4 cells/mL in 1% methylcellulose culture medium in the presence of 0.1mM hemin, 30% FBS (Hyclone), and the following growth factors unless otherwise noted: 1U/mL of recombinant human erythropoietin (Amgen), 50 ng/mL recombinant murine SCF (R&D Systems) and 5% vol/vol pokeweed mitogen mouse spleen cell conditioned medium. 17 The percentage of HPCs in the S-phase of the cell cycle was estimated with the high specific activity-tritiated thymidine kill technique. Colonies were scored after 7 days of incubation at 5% CO 2 and lowered (5%) O 2 in a humidified chamber, and granulocytemacrophage CFU (CFU-GM), erythrocyte burst-forming unit (BFU-E), and granulocyte, erythrocyte, monocyte, megakaryocyte CFU (CFU-GEMM) progenitors were distinguished by colony assay. 19 Recombinant murine GM-CSF, IL-3, SCF, and Flt-3 ligand (FL) were from R&D Systems. Replating of individual colonies from primary to secondary plates, a measure of the limited self-renewal capacity of HPCs, was performed as described previously. 18, 19 In vitro and in vivo differences were assessed with a 2-tailed Student t test. P Ͻ .05 was considered significant.
Reagents and instruments
All Abs were from BD Biosciences. MitoTracker Green FM, JC-1, and Mitotracker-CM-H 2 TM-Orange probes were from Molecular Probes/Life Technologies and were used according to the manufacturer's instructions. Wright-Giemsa and May-Grünwald stain was from Thermo Fisher Scientific and used as described previously. 20 Splenic sections and cytospin preparation were also as described previously. 16 Automated blood cell counting was done using a Hemavet Blood Analyzer (Drew Scientific) and used according to the manufacturer's instructions for counting in mouse blood. Flow cytometry was performed with an LSR II flow cytometer (BD Biosciences). Cell surface labeling and other staining was as described previously. 21 Flow cytometric data were analyzed using the Cyflogic program (Perttu Terho and CyFlo). Data were plotted and analyzed statistically using SigmaPlot Version 11.0 software (Systat Software). Oligomycin-A and NAC were from Sigma-Aldrich.
Transplantation assays
Competitive HSC engraftment studies were performed at a 1:1 donor (C57Bl/6 CD45.2ϩ) to recipient (B6.BoyJ, CD45.1ϩ) ratio into primary lethally irradiated B6.BoyJ mice and secondary transplantations were performed in a noncompetitive setting in lethally irradiated B6.BoyJ mice as described previously. 17, 22 Nucleated donor BM cells (5 ϫ 10 5 ) were used for all injections into recipient mice (ie, 2.5 ϫ 10 5 donor cells plus 2.5 ϫ 10 5 competitor cells)
Respirometry
The cellular oxygen consumption rate (OCR) data were obtained using an XF96 extracellular flux analyzer from Seahorse Bioscience. 23 Measurement of basal OCR data and OCR data after treatment with oligomycin-A were performed according to the manufacturer's instructions and as described previously. 24 (Figure 1Aii ), the differences between STAT3 Ϫ/Ϫ and WT donor cell engraftment was even more apparent than in pooled cells, and these differences were even further magnified in the secondary recipients. The increased percent change in chimerism from primary to secondary transplantations (Figure 1Aii ) suggests that the self-renewal capacity of these cells may have been compromised. That there was little or no change in engraftment from primary to secondary mice in terms of chimerism for STAT3 Ϫ/Ϫ cells when pooled donor cells were used (Figure 1Ai ) argues against a homing defect in LT-HSCs. These results of decreased primary and secondary repopulation of STAT3 Ϫ/Ϫ BM are consistent with a decrease in phenotypically defined LT-HSCs (see Figure 2B) . STAT3 Ϫ/Ϫ mouse BM has fewer functional myeloid progenitor cells/femur, is in a slower cell-cycle state, and has defective cytokine synergy response.
Results
Functional abnormalities in HSCs and
The numbers and cell-cycling status of functionally defined HPCs in STAT3 Ϫ/Ϫ and WT BM and spleen were assessed using colony assays. Figure 1B shows the effects of STAT3 gene deletion on absolute numbers of BM and spleen progenitor cells (CFU-GM, BFU-E, and CFU-GEMM) numbers (Figure 1Bi ) and their cellcycle status (Figure 1Bii ), all of which were reduced in the absence Results are based on 107 replated WT primary and 114 STAT3 Ϫ/Ϫ primary colonies from a total of 3 different experiments. For CFU-M, primary and secondary colonies were grown in methylcellulose culture with M-CSF and SCF. For CFU-GM, BFU-E, and CFM-GEMM, primary and secondary colonies were grown with erythropoietin, SCF, pokeweed mitogen mouse spleen cell conditioned medium, and hemin. For CFU-M, colonies were scored after 7 days incubation. (D) Phenotype analysis of hematopoietic progenitors from WT and STAT3 Ϫ/Ϫ mouse BM. Flow cytometric surface marker analysis was done as previously described. 27, 28 Stat3/MITOCHONDRIA/ROS AND STEM CELL FUNCTION 2591 BLOOD, 27 SEPTEMBER 2012 ⅐ VOLUME 120, NUMBER 13 For personal use only. on April 7, 2017 . by guest www.bloodjournal.org From of Stat3. Proliferative synergy induced by certain combinations of cytokines in vitro is considered to play an important role in hematopoiesis. Stat3 signaling pathways in response to cytokine receptor activation are vital for proper regulation of hematopoiesis in vivo and in vitro. 25 Synergistic proliferation responses to GM-CSF, IL-3, or M-CSF in combination with either SCF or FL was completely abrogated in STAT3 Ϫ/Ϫ BM (Figure 1Ci , shown as a synergistic index: CSF ϩ FL or SCF/CSF ϩ either SCF or FL). Therefore, Stat3 is required for proliferative synergy in mouse BM progenitors. Replating capacity of HPCs provides an estimate of the limited self-renewal capacity of HPCs. 26 Replating capacity of STAT3 Ϫ/Ϫ macrophage CFU and CFU-GM, BFU-E, and CFU-GEMM was also significantly reduced, as assessed by numbers of secondary plates with colonies, and numbers of colonies per secondary plate (Figure 1Cii ). These data show that there are highly significant deficiencies in functionally assessed HPC numbers and their activities. Interestingly, when we did quantitative phenotypic analysis of BM progenitor subcompartments as indicated by surface marker expression 27, 28 ( Figure 1D ), we observed a significant decrease in the megakaryocyte/erythroid progenitor population and a significant increase in the granulocyte/macrophage progenitor population, with no significant changes in the common myeloid progenitor or common lymphoid progenitor populations in Stat3 Ϫ/Ϫ compared with WT mice. Therefore, for cells of the common myeloid progenitor and granulocyte/macrophage progenitor compartments, believed to be, respectively, similar to CFU-GEMM and CFU-GM when functional CFU-GEMM and CFU-GM were decreased in number, cycling, and sensitivity to synergistic stimulation, the phenotype analysis did not reflect functional defects and likely suggests that whereas the numbers of granulocyte/ macrophage progenitors are increased, some or all of these progenitors have proliferative defects in response to cytokines.
Stat3 ؊/؊ BM shows a shift to more phenotypically differentiated precursors
To obtain a more complete picture of the effects of STAT3 deletion, we performed a flow cytometric analysis of phenotypically defined BM HSCs/HPCs from these mice to compare with WT controls 5 weeks after birth. An analysis of proportions of phenotypically defined LT-HSCs and short-term marrow repopulating HSCs (ST-HSCs) based on CD34 expression and size of Lin Ϫ Sca1 ϩ c-Kit ϩ (LSK) cells is shown in Figure 2 . LT-HSCs are considered to be CD34 Ϫ LSK cells and ST-HSC are considered to be CD34 ϩ LSK cells. 29 In mouse BM, we routinely found 2 populations of LSK cells, one of which was c-kit high and composed of larger and smaller CD34 Ϫ cells in similar proportions. We also noticed this size-difference trend in a previous study using a different strain of mouse. 21 This is also similar to our previous study describing true pluripotent human and mouse embryonic stem cells as reproducibly larger (as measured by laser light scatter) than early differentiated, low pluripotency, smaller embryonic stem cells in colonies in vitro. 20 The second LSK population was c-kit low , predominately CD34 ϩ , and contained predominately smaller cells. Figure 2A is a representative flow cytometric dot-plot analysis of CD34 expression in LSK cells from WT or Stat3 Ϫ/Ϫ BM showing differences in size between CD34 Ϫ and CD34 ϩ LSK cells and differences in c-kit expression levels and numbers of LSK cells from BM of WT and STAT3 Ϫ/Ϫ mice. Figure 2B is a statistical comparison of these LSK populations from 4 WT/STAT3 Ϫ/Ϫ littermate pairs. These data demonstrate that, although total LSK cells were increased significantly in Stat3 Ϫ/Ϫ BM (which has been observed to occur during normal mouse aging), 30 the majority of STAT3 Ϫ/Ϫ LSK cells were CD34 ϩ c-kit low in contrast to that found in WT BM. Therefore, the LSK compartment of Stat3 Ϫ/Ϫ BM is composed predominately of phenotypically defined ST-HSCs with much lower numbers of LT-HSCs compared with WT BM.
Phenotyped Stat3 ؊/؊ ST-HSCs and HPCs display mitochondrial dysfunction and increased ROS
Stat3 has been shown recently to play a role in mitochondrial respiration, 6, 24, [31] [32] [33] [34] but the mechanisms remain unknown. Very little is known about mitochondrial metabolism in HSCs, so in the present study, we investigated mitochondrial mass and function (mitochondrial membrane potential, ⌬⌿ m ) in phenotypically defined Stat3 Ϫ/Ϫ LT-HSCs, ST-HSCs, and LSK cells compared with WT littermate cells. In our previous studies, 21 we identified several discrete subpopulations within the Lin Ϫ compartment of normal mouse BM based on mitochondrial mass, ⌬⌿ m , CD34 expression, and size. Figure 3 summarizes the mitochondrial properties of the 3 discrete subpopulations that we defined in Stat3 Ϫ/Ϫ and WT BM. Three regions that we investigated in Lin Ϫ BM cells are illustrated in Figure 3A . Data shown in Figure 2A had established that larger region 1 cells were CD34 Ϫ LSKs. This population is highly enriched in LT-HSCs, 29 and we refer to them as LT-HSC kit hi . Smaller region 1 (R1) cells are CD34 ϩ and enriched in ST-HSCs; we refer to these as ST-HSC kit hi . The R2 subpopulation contains nearly all CD34 ϩ cells and is composed of both smaller and larger cells, which we refer to as ST-HSC kit low . R3 cells are sca1 Ϫ and are not in the LSK compartment (Lin Ϫ c-kit ϩ sca1 Ϫ [LK] cells). Figure  3B shows staining of these subpopulations with MitoTracker Green, which is taken up into cellular mitochondria in a ⌬⌿ mindependent manner and is an indicator of cellular mitochondrial mass. 21, 35 Figure 3B compares average mitochondrial mass per cell in phenotypically distinct Lin Ϫ regions. Also shown is the influence of STAT3 deletion on cellular mitochondrial mass compared with that in WT cells, which was performed in a manner similar to that used in our previous study. 21 Mitochondrial mass was lower in WT ST-HSCs compared with WT LT-HSCs, which may be because of the noted size difference, and this is consistent with our previous study. 21 STAT3 deletion resulted in a significant increase in mitochondrial mass in LT-HSCs and ST-HSC kit lo cells but not in ST-HSC kit hi cells. The reasons for this lack of effect in ST-HSC kit hi cells, a functionally uncharacterized ST-HSC population, is unknown, but it is important to note that these cells are smaller than other cells in this LSK region. WT LK (R3; enriched for a phenotyped multipotential progenitor) cells contained greater mitochondrial mass than either WT LT-HSCs or WT ST-HSCs, and STAT3 deletion resulted in a small, but significantly increased mitochondrial mass in these populations. The percentage of total Lin Ϫ cells that were LK cells was 3.6 Ϯ 0.5 for WT and 16.0 Ϯ 2.3 for Stat3 Ϫ/Ϫ (P ϭ .0005). This demonstrates that the proportion of phenotyped LK cells was greatly increased in BM with STAT3 deleted. We also investigated mitochondrial activity using the probe JC-1, a rosamine derivative that is actively transported into mitochondria in a ⌬⌿ m -dependent manner. 36 Monomeric JC-1 has an emission spectrum similar to FITC (green) fluorescence, but its aggregated form has an emission spectrum similar to PE (red) fluorescence. As JC-1 accumulates in the mitochondria, it aggregates and shifts fluorescence color. Therefore, relative ⌬⌿ m can be estimated on a per-cell basis by comparing the ratios of red/green fluorescence intensity. Supplemental Figure 1 (available on the Blood Web site; see the Supplemental Materials link at the top of the online article) is an example of a flow cytometric dot-plot of gated LSK cells relating mitochondrial mass to size (supplemental Figure 1A) and the ratio of JC-1 monomers to aggregates (supplemental Figure 1B) . The average ⌬⌿ m /cell of R1-R3 cells was determined from the red/green fluorescence ratios (FITC/PE cytometer channels). This dot-plot also shows that LSK cells can generally be divided into 2 categories, high ⌬⌿ m , in which the polymeric/monomeric JC-1 ratio is higher, and low ⌬⌿ m , in which the ratio is lower. Gates such as polygram-9 and polygram-8 can be used to enumerate the percentages of each category in different populations, and the average fluorescence intensity ratio of these 2 categories provides a measure of mitochondrial activity in the population. A summary of average ⌬⌿ m /cell measurements in LT-HSCs, ST-HSCs, and LK cells is shown in Figure 3C . Even though the mitochondrial activity of ST-HSCs is similar to mitochondrial activity in LT-HSCs, this average mitochondrial potential is generated by fewer mitochondria (ie, lower mitochondrial mass; Figure 3B ). This suggests that, on a per-cell basis, the mitochondria in ST-HSCs are more active than those in LT-HSCs, which is consistent with our previous study. 21 The WT LK compartment has an even higher average ⌬⌿ m /cell. STAT3 deletion resulted in a modest but significant increase in ⌬⌿ m /cell in LT-HSCs and R2 ST-HSC kit lo cells. STAT3 deletion also resulted in a small, but significantly decreased, average ⌬⌿ m /cell in LK cells, which was the opposite of the effect that it had on other cells in the LSK compartment, but this is consistent with a positive influence of Stat3 on mitochondrial activity. Figure 3D shows a comparison of the mitochondrial activity/mass ratio, which is a useful monitor of "specific mitochondrial activity" (ie, mitochondrial activity/cell that is normalized for mitochondrial mass). The activity/mass ratio was significantly lower in ST-LSK cϪkit lo cells and LK cells from STAT3 Ϫ/Ϫ mice. This is consistent with the reported positive or stabilizing influence of Stat3 in mitochondria. 32 The mitochondrial mass/activity data suggest that STAT3 deletion causes changes in mitochondria function and/or dysfunction/dysregulation in phenotypically defined HSCs and HPCs. Because mitochondria are one of the primary sources of ROS in cells, 37, 38 and because mitochondria are vital for balanced ROS regulation, we next assessed superoxide (the predominant ROS in cells) with another rosamine derivative, MitoTracker CM-H 2 TM-Orange. 36 For personal use only. on April 7, 2017. by guest www.bloodjournal.org From after oxidation by superoxide, and this is used to quantitate average ROS levels/cell. Figure 3E shows the average results of 3 separate experiments, each with BM cells from 1 Stat3 Ϫ/Ϫ and 1 WT littermate mouse. The data show that ROS levels were increased significantly in ST-HSCs and LK cells after STAT3 deletion. STAT3 deletion in LT-HSCs had no effect on ROS levels but, overall, LT-HSCs had higher ROS levels than ST-HSCs or LK cells. Figure 2A . Shown are the 3 subpopulations that were gated and evaluated for mitochondrial properties and ROS levels. R1 and R2 are further subdivided into 2 discrete subpopulations based on size and CD34 surface expression (see Figure 2A) . The small dot-plot in the top right part of panel A is the same data, but "de-cluttered" to more easily see the overall pattern. 
Splenocytes from STAT3 ؊/؊ mice have an increased mitochondrial respiration rate not associated with ATP production
Because STAT3 has been implicated in regulating mitochondrial respiration, we next assessed respiration rate as measured by OCR using a Seahorse extracellular flux analyzer. 23 There are 2 principle sources of ROS in hematopoietic cells; the NADPH oxidase system and mitochondria. The inner mitochondrial membrane has a natural leak to protons and electrons can "leak" from the ETC complexes and convert molecular oxygen to superoxide. It is estimated that 1%-5% of oxygen consumed by mitochondria is converted to ROS 38 (superoxide). We attempted to use sorted LSK populations for these experiments, but the numbers of these cells that could be obtained were too low to reliably measure OCR, so we used another abundant source of hematopoietic tissue, splenocytes, as a surrogate STAT3 Ϫ/Ϫ cell source to evaluate the effects of STAT3 deletion on mitochondrial respiration. To determine of the source of overproduction of ROS in STAT3 Ϫ/Ϫ cells, we performed respirometry experiments on splenocytes from 2 STAT3 Ϫ/Ϫ mice and 2 WT mice. (Figure 3F ). These experiments showed that basal OCR was increased in STAT3 Ϫ/Ϫ splenocytes, which is consistent with increased mitochondrial respiration in these cells. ATP productionlinked OCR, as measured by inhibition of ATPase (ETC complex V), with oligomycin-A showed that ATP-linked OCR was slightly lower in STAT3 Ϫ/Ϫ cells compared with WT cells. However, this difference does not account for the total increased OCR in STAT3 Ϫ/Ϫ cells compared with WT cells. This would be consistent with increased basal OCR in STAT3 Ϫ/Ϫ cells being due, in part, to increased oxygen consumption by either increased NADPH oxidase activity or to increased proton leak and/or electron leak from the ETC. These data suggest that STAT3 deletion results in increased respiration/oxygen consumption in hematopoietic cells that is not related to ATP biosynthesis. This information, when coupled to potential mitochondria activity dysfunction/dysregulation in HSCs/HPCs ( Figure 3B -E) in the absence of STAT3, supports the hypothesis that the excessive ROS generated in HSCs/HPCs in the absence of STAT3 could be because of dysregulation of a mitochondrial process not associated with the generation of ATP (ie, excessive proton/electron leak).
STAT3 ؊/؊ mice display a "rapid-aging like" phenotype in their hematopoietic system To relate the above functional information with the mice themselves, we looked at several hematopoietic parameters in STAT3 Ϫ/Ϫ versus WT littermate control mice. Similar to humans, aged mice display shifts in ratios of lymphoid and myeloid blood cells, changes in erythroid cell morphology/function, and changes in HPCs. 30, 40 Stat3 Ϫ/Ϫ mice are born normally in all observed respects, suggesting that Stat3 function during early development of the fetal hematopoietic system may be dispensable. However, by 2-3 weeks of age, a reduction in growth becomes apparent and at 4-6 weeks, these mice are approximately 20% smaller than WT littermates (as indicated by body weight) and they display a sedentary behavior, as described previously. 16 Uniform death occurs at approximately 6 weeks of age in female mice, whereas male Stat3 Ϫ/Ϫ mice survive approximately 1-2 weeks longer. 16 Moreover, splenomegaly is apparent in 4-to 6-week-old animals. In our studies of 4-to 6-week-old mice, splenic architecture of STAT3 Ϫ/Ϫ mice showed a profound reduction in white pulp structures with much larger areas of red pulp and myeloid cell infiltration (supplemental Figure 2A) .
There was a pronounced myeloid-lymphoid cell ratio shift, along with significant reduction of the total hemoglobin content and other erythrocyte indices in Stat3 Ϫ/Ϫ blood compared with WT ( Figure  4A automated peripheral blood counts). Erythrocyte counts were significantly lower in Stat3 Ϫ/Ϫ mice, but were still within the normal range. Red cell distribution width (an indicator of anemic conditions) was also increased significantly in Stat3 Ϫ/Ϫ compared with WT mice, but was still within the normal range. Manual lymphoid-myeloid counts were also performed in blood smears of For personal use only. on April 7, 2017 . by guest www.bloodjournal.org From 6 WT and 4 Stat3 Ϫ/Ϫ animals from 3 separate litters at approximately 5 weeks of age ( Figure 4B) , and results were consistent with the automated counts. In addition, one blind study was performed in which the genotypes of the animals were not analyzed until the end of the experiment and the appearance of the animals was hidden from the "counters" and 1 litter of 4 animals was followed for 2-6 weeks (supplemental Figure 2B) . The right-shifted lymphoidmyeloid ratio was apparent at 3 weeks and was very pronounced by 6 weeks of age in the 1 Stat3 Ϫ/Ϫ mouse in this litter, which was later determined to be animal number 4. Femoral BM cytospin preparations stained with Wright-Giemsa (supplemental Figure 2C) showed severe erythroblast depletion in Stat3 Ϫ/Ϫ BM compared with WT BM, along with a massive expansion of immature myeloid cells. Wright-stained blood smears revealed pronounced hypochromasia and many podocytes (target cells; Figure 4C ). Hypersegmented neutrophils were also common in Stat3 Ϫ/Ϫ blood compared with WT. These data indicate that Stat3 Ϫ/Ϫ mice are born with apparently normal blood indices, but begin to become right shifted in lymphoid/myeloid ratio after 3 weeks of age, accompanied by pronounced erythroid dysplasia and anemia. Severe BM erythroblast depletion, along with splenomegaly and disrupted spleen morphology, suggest that the spleen may have become a site of extramedullary erythropoiesis. Alternatively, spleen hypertrophy could also be because of accumulation of defective erythrocytes in the spleen, where they are removed from the circulation. Abnormalities in peripheral blood neutrophil morphology and BM cell morphology/content and erythroid dysplasia are seen in human myelodysplastic syndrome (MDS) and MPNs, which are agerelated diseases. 41, 42 Stat3 Ϫ/Ϫ mice have diminished innate immunity. 16 This, along with anemia and especially lymphoidmyeloid lineage shifts and increased LSK numbers, are all hallmarks of normal aging in mice and are typically seen in mice that are 1-2 years old. 30, 40 Therefore, STAT3 Ϫ/Ϫ mice display morphologic abnormalities consistent with disease and/or aging processes.
STAT3 ؊/؊ mouse lifespan is increased by treatment with a ROS scavenger
Based on the data shown in Figure 4 , we considered the possibility that excess ROS generation in HSC and/or HPC compartments may contribute, at least in part, to the blood phenotype and lifespan deficiency of STAT3 Ϫ/Ϫ mice. We tested this by treating STAT3 Ϫ/Ϫ and WT mice with periodic injections of the potent ROS scavenger NAC beginning 4 weeks after birth ( Figure 5 ). The data show that NAC treatment nearly doubled the lifespan of the STAT3 Ϫ/Ϫ mice ( Figure 5A ). During this experiment, blood smears from tail clippings were obtained at 40 days of age and manual lymphoid/ myeloid cell counts were performed ( Figure 5B ). NAC treatment increased the lymphoid/myeloid ratio in STAT3 Ϫ/Ϫ mice compared with that determined previously (ie, lymphoid cells were increased and myeloid cells were decreased at 40 days after birth in STAT3 Ϫ/Ϫ mice treated with NAC compared with STAT3 Ϫ/Ϫ mice without NAC treatment: a partial reversal of the STAT3 Ϫ/Ϫ blood phenotype; Figure 4B-D) . In addition, erythroid morphology and neutrophil nuclear segmentation were assessed ( Figure 5C ). Erythroid dysplasia, potocytosis, and neutrophil hypersegmentation were all decreased by NAC treatment of STAT3 Ϫ/Ϫ mice. There was no effect of NAC treatment on these blood indices in WT mice. These data indicate that treatment with a ROS scavenger can lessen the severity of influence of STAT3 gene deletion on erythroid dysplasia and myeloproliferation (lymphoid/myeloid shift), which is associated with significant lifespan prolongation in these genetically defective mice.
Discussion
In the present study, we have presented evidence that mice with a hematopoietic cell-targeted deletion of the nuclear transcription factor STAT3 have blood indices with similarities to those observed in some human MPNs beginning several weeks after birth. The stem cells from these mice are decreased and have a lessened ability to repopulate the BM of lethally irradiated recipient mice. In addition, STAT3 Ϫ/Ϫ HPCs have a striking loss of normal synergistic cytokine proliferative responses in vitro. Stat3 activation is part of cytokine receptor signaling that is common in numerous cytokine/ receptor systems, 25 so it is likely that defective proliferative responses to the cytokines investigated herein were due to defects in these signaling cascades. It was reported recently that LSK cells expressing low levels of c-kit receptor are in a more quiescent state than cells expressing low levels of c-kit receptor, which was more pronounced in older animals. 43 This data are consistent with our findings that STAT3 deletion results in BM LSK cells that are almost all c-kit low, that BM progenitors are not in active cell cycle, and with the LSK surface phenotype similar to that found in older mice. However, the results of the present study also indicate that there is no apparent difference in the efficiency of repopulating ability between c-kit low and c-kit high LSK cells; therefore, the c-kit expression level and LSK cell-cycle status had no discernible effect on the ability to repopulate primary and secondary transplantation recipients. This supports the notion that STAT3 deletion induced cell-cycle effects alone cannot account for the defective repopulation seen in STAT3 Ϫ/Ϫ mouse HSCs, and that the loss of STAT3 has a more complex role in HSC repopulating ability than just effects on cytokine signaling cascades and cell-cycle status. However, we have also shown that HSCs and HPCs from STAT3 Ϫ/Ϫ mice have dysfunctional mitochondrial activities/function associated with overproduction of ROS. ROS are well established as being integral for normal hematopoiesis and cytokine signaling, 15 and their overproduction has been linked to various pathologic processes such as MDS, acute myeloid leukemia, and other neoplastic diseases. 44 It appears unique that the deletion of an important signaling molecule that results in the loss of proliferative cytokine responses of myeloid HPCs in vitro also causes a pronounced myeloproliferative phenotype in vivo in whole animals. We found that this myeloproliferative phenotype was also associated with a defect in HSC maintenance or stem cell exhaustion, which is consistent with the loss of pluripotency maintenance for which Stat3 has been shown to be necessary. 2 It is possible that the STAT3 Ϫ/Ϫ mouse phenotype is linked, at least in part, to the overproduction of ROS that we observed in this model system. ROS are known to promote myeloid proliferation/ differentiation, 15 which is consistent with the observed STAT3 Ϫ/Ϫ phenotype. We also have presented evidence herein that mitochondrial function/activity may be defective or dysregulated in HSCs and HPCs from STAT3 Ϫ/Ϫ mice, which could also be linked to aberrant ROS production. Our respirometry experiments suggest that the source of overproduced ROS may be because of defects in mitochondrial ETC function not related to ATP production (ie, increased proton leak across the inner mitochondrial membrane or increased electron leak from the ETC). It is possible that increased electron leak from the mitochondrial ETC may be at the heart of the excessive mitochondrial ROS generation in STAT3 Ϫ/Ϫ HSC/HPC cells. Stat3 has already been implicated in proper function of the mitochondrial permeability transition pore (mPTP), 45, 46 a little understood but important complex in mitochondria, and its omission from this mitochondrial complex could be the source of the proton leak and ROS generation. We recently reviewed the role of mPTP in the context of ROS production and its potential impact on stem cells. 34 In that review, we highlighted the potential importance of a ROS-induced "feed-forward" overproduction of ROS in stem cells by a process known as ROS-induced ROS release 45 by the mPTP and underscored the potential importance of Stat3 in regulating ROS production via this mitochondrial complex. Stem cells are, in general, thought to have fewer and/or less active mitochondria, 21 and HSCs have been shown recently to be more dependent on glycolysis for their energy needs than other BM cells. 47 The ability of cells to maintain a balanced ROS level depends on mitochondria and several antioxidant enzymes. 21, 34, 48 Very little is known about this in HSCs 47 ; nor is it known whether HSCs have robust adaptive responses to oxidatively damaging conditions. The importance of overproduced ROS in the pathophysiology of STAT3 Ϫ/Ϫ mice seems clear from the fact that treatment of these mice with the ROS scavenger NAC has a pronounced prosurvival effect, which is commensurate with a BLOOD, 27 SEPTEMBER 2012 ⅐ VOLUME 120, NUMBER 13 For personal use only. on April 7, 2017 . by guest www.bloodjournal.org From reduction in the severity of the pathologic status in these animals.
Although mitochondrial DNA mutations have been implicated in MDS-like human diseases, 49, 50 to our knowledge, the role of Stat3 in mitochondrial ETC and in mPTP function has not been investigated in human diseases such as MDS, acute myeloid leukemia, CLL, or MPNs. However, Stat3 has been investigated previously in the context of constitutive activation by tyrosine phosphorylation and subsequent nuclear transcriptional activity. The results of the present study raise the possibility that lack of proper Stat3 activity in mitochondria could interfere with proper ROS regulation/production/balance and therefore contribute to the progression of diseases such as MDS, MPN, or perhaps acute or chronic leukemia. It is possible this could be due to a shift in Stat3 equilibrium between the nucleus and mitochondria, as we have already shown for the p53 protein. 51 In this case, constitutive tyrosine phosphorylation, dimerization, and nuclear translocation could "over-sequester" Stat3 in the nucleus and lessen its stabilizing influence on mitochondria, resulting in an overproduction of ROS. Further studies to prove or disprove the existence of such an equilibrium and to determine whether this plays a role in various disease states involving dysregulated Stat3 function are needed. Our data presented herein suggest that the known link between constitutively activating mutations in the JAK/STAT pathways and human MPNs and CLL should be further studied in the context of the newfound roles of Stat3 in mitochondria.
